Abstract Soil nitrification is a key process in regulating the relative availability of the various inorganic N forms to plants. In the current study, we investigated the effect of different plant species on numbers of ammoniaoxidizing microbial cells by measuring the potential nitrification activity (PAA). Soil from matgrass sward and from calcareous grassland was collected in the field and four characteristic plant species of each vegetation type were cultivated from seed. These plant species grew for 4 months in the two soil types. After those 4 months, PAA were significantly higher in calcareous soil compared to the matgrass sward soil and the presence of matgrass sward species had significantly decreased PAA in this soil. In soils from matgrass stands, PAA were much lower, and no effect of the different plant species could be detected. Plant biomass of the calcareous grassland species was overall positively correlated with PAA, whereas for matgrass plant species a negative trend was found. We conclude that matgrass sward plant species had a clear repressing effect on the potential ammonia-oxidizing activity in calcareous grassland soil within this 4-month growth experiment. The observed repression of PAA is in accordance with earlier field observations of PAA in the different vegetation zones, where repressed PAA and significant higher ammonium to nitrate ratios were observed in the matgrass sward vegetation compared to the other vegetation zones. Major findings of this study indicate that plant species can influence the nitrification potential of their habitats, i.e. certain species can repress nitrification potential and others can increase nitrification potential of their habitats.
gradient where loess and acid gravel have been deposited by the river Meuse on top of calcareous substrate. This local geomorphology resulted in a vegetation gradient with acid grasslands on the acid gravel deposits on the upper hill slopes, more buffered matgrass swards on thin layers of loess on top of acid gravel deposits in the middle reach, and calcareous grasslands on calcareous outcrops beneath. Potentially, these nutrient-poor grasslands on hill slopes are one of the most species-rich ecosystems in the Netherlands (Willems 2001; , but from the beginning of twentieth century a strong decline in species richness was observed, due to the abandonment of traditional land use practices, like shepherding and hay making (Willems 1990; Poschlod and WallisDeVries 2002) and the effects of atmospheric nitrogen deposition Bakker and Berendse 1999; Stevens et al. 2004; Clark and Tilman 2008) .
Increased inputs of nitrogen in these grasslands may have a direct eutrophication effect on the vegetation leading to changes in competitive interactions and shift in plant species composition (Bobbink 1991) . In the acidic part of these grasslands, both soil acidification and shifts in the dominant form of inorganic nitrogen, e.g. nitrate or ammonium, are of main importance for the observed effects of N deposition (e.g. Bobbink and Lamers 2002; Kleijn et al. 2008; De Graaf et al. 2009; Dupré et al. 2009 ), whereas acidification and shifts in the dominant form of inorganic nitrogen do not play a major role in calcareous grasslands (Bobbink and Roelofs 1995) . Increased ammonium concentrations in the soil solution can cause toxicity in plant species characteristic for acidic to slightly buffered habitats (De Graaf et al. 1998; Britto and Kronzucker 2002; Dorland et al. 2003 , Van den Berg et al. 2005 . In contrast, no negative effect of ammonium is observed for grass species which are known to invade these vegetation types at high N deposition rates. Soil nitrification is a key process in regulating the relative availabilities of the differential N forms to plants, and therefore plays a crucial role in the effects of enhanced N inputs on the composition of the vegetation.
Recently, a clear spatial pattern has been observed in the dominant form of inorganic nitrogen in the soil of the above-mentioned South Limburg grassland gradient: nitrate concentrations were significantly lowest in the matgrass sward, whereas ammonium concentrations decreased from the acid to the calcareous zone. Moreover, the ammonium to nitrate ratio was significantly higher in the matgrass swards zone (pH 6.1) in comparison to the acid grassland (pH 5.1) and the calcareous grassland (pH 8.0), with averages of 8.7, 2.9 and 1.0 respectively. The potential ammonia-oxidising activity, a measure for the number of actively ammoniaoxidising microbial cells (Verhagen et al. 1992) , turned out to be significantly lower in the matgrass sward, when compared to the PAA in the acid grassland and the calcareous grassland (Smits et al. 2010) . Molecular analysis of the ammonia-oxidizing betaproteobacterial communities based on the 16 S rRNA gene showed no major differences in the diversity between these three vegetation zones (Smits et al. 2010) . We are aware that, in general, lower pH correlates to lower PAA, but found that in this research gradient, nitrification was lowest at intermediate pH level. This gave reason for further research.
The observed repression of the potential nitrification activity in the matgrass sward may be explained by exudation of biological nitrification inhibitors (BNI) by plants. Up to now, several indications for exudation of BNI have been demonstrated in crop plant species (Subbarao et al. 2007a, b; Zakir et al. 2008; Subbarao et al. 2009a, b) and Hyparrhenia sp. dominated savannas (Lata et al. 1999 (Lata et al. , 2000 (Lata et al. , 2004 . In the current article, we focus on the vegetation level. To investigate the extent to which the characteristic grassland vegetation affects potential nitrification, characteristic species of both vegetation types grew on both soils of the two plant communities. The objective of this study was to examine if characteristic plant species of both matgrass sward and calcareous grasslands have an influence on the potential nitrification activities in the soil. We hypothesise that the repression of potential nitrification activity observed in the field (Smits et al. 2010 ) is due to biological nitrification inhibition by typical matgrass sward plant species.
Materials and methods

Description of the research habitats
The two vegetation types that are used in this study comprise matgrass sward vegetation (Nardo-Galion saxatilis, Swertz et al. 1996) on dystric eutrudept soils and calcareous grassland (Mesobromion erecti, Schaminee and Willems 1996) on a typic to rendollic eutrudept soils (Soil Survey Staff 1999) . Along the whole gradient, (para)lithic contacts occur.
Experimental setup
A pot experiment was set up in the greenhouse, in which eight selected plant species grew for 4 months from October 2007 to March 2008 on soil from the matgrass sward zone and on soil from the calcareous grassland zone. Soil samples of the upper 10 cm (as this contains most roots) were collected in the matgrass swards and in the calcareous grassland at the Bemelerberg nature reserve (the Netherlands, 50°5 1′N, 5°46′O). The soil was stored at 4°C and processed within 2 days after collection. Homogenized soil of each soil type was put into 1 l pots. Seeds of four characteristic species of matgrass swards, and of four typical species of calcareous grassland were collected from different local nature reserves. Species selection took place based on seed availability and family similarity. For comparison across the two soil types, similar families (i.e. Asteraceae, Poaceae and Lamiaceae) were used for three out of four species. For matgrass swards, the selection resulted in Hieracium umbellatum, Succisa pratensis, Danthonia decumbens and Stachys officinalis as characteristic species, whereas Leontodon hispidus, Sanguisorba minor, Briza media and Thymus pulegioides were the selected species of calcareous grassland. Seeds were germinated in the greenhouse in standard potting soil, and 4-weeks-old seedlings were used in the experiment. The nomenclature was used according to Van der Meijden (2005) for the plant species, and Schaminée et al. (1996) for the vegetation.
Of every species, four seedlings were planted in pots with matgrass sward soil (n=4) and in pots with calcareous grassland soil (n=5). As there was not sufficient matgrass sward soil collected for five replicates, only four replicates were used with this soil type. Pots without seedlings were included as controls (n=5 for calcareous grassland soil and n=4 for matgrass sward soil). In total 45 pots with calcareous grassland soil were used and 36 pots with matgrass sward soil. All 81 pots were randomly placed in the greenhouse with a 16-h photoperiod with temperatures were according to the greenhouse climate, and watered four times a week during the whole experiment with rainwater. The used rainwater was analysed twice during the experiment for nitrate and ammonium concentrations to check on possible extra nitrogen input. In the first month, different plant species started to show interveinal chlorosis on both soil types. Spraying with 0.05 M iron (Fe-EDDHA) and 0.02 M manganese (Mn-DTPA; Brinkman Agro BV, NL) removed these effects. The treatment was repeated three times during the experiment.
Soil nutrient analysis
At the beginning of the experiment, soil of each grassland type was homogenized and extracted (15 g, n=5) on a rotary shaker for 1 h (100 rpm) with 100 ml demineralised water for the determination of pH and nitrate concentrations. An extraction with 100 ml 0.2 M KCl-solution was used for the measurement of ammonium concentrations. The soil suspensions were centrifuged for 5 min at 4,000 rpm. Supernatants were filtered through a Whatman GF/Cfilter and stored at −20°C until further analysis. Soil moisture content was determined after drying at 105°C for 48 h. Nitrate (nitrite plus nitrate) and ammonium concentrations in the soil extracts were determined colorimetrically using a continuous flow analyser (Skalar 40, Skalar Analytical BV, Breda, the Netherlands). The nitrate and ammonium concentrations in the pore water in the pots were measured bi-weekly during the growth experiment through small rhizon samplers of 200 ml (Eijkelkamp, the Netherlands) in 22 stratified randomly chosen pots. At each sampling moment, every combination of soil/ plant species was included and three of the controls were also measured.
Potential ammonia-oxidising activities
Potential ammonia-oxidising activities (PAA) were determined at the start and at the end of the experiment in 250 ml Erlenmeyer flasks containing slurries of 15 g fresh, sieved (4 mm) soil in 100 ml buffered medium with 2 mM (NH 4 ) 2 SO 4 (after Hart et al 1994) . The buffer was composed of 2 mM phosphate buffer (an equimolar mixture of KH 2 PO 4 and K 2 HPO 4 , adapted to the prevailing soil pH), because preliminary experiments had shown that the PAA in samples were affected by the pH value of the slurries in which these activities were measured. Hence, PAA were determined at pH values comparable with the original soil pH (i.e. 5.4 for matgrass swards and 8.0 for calcareous grassland). During the PAA measurements, the slurries were permanently shaken on a rotary shaker (RO 20, Gerhardt, Bonn, Germany; 100 rpm) in the dark at a temperature of 27°C. Sub-samples of 3 ml were taken at t=0 h, 2 h, 4 h, 6 h, 21 h, 27 h, 51 h, 74 h, 98 h, 122 h and 146 h, and centrifuged for 5 min at 13,000 rpm (Biofuge pico, Heraeus instruments, South Plainfield, USA), decanted, and frozen (−20°C) till analysed. At each sampling time, the pH of the incubation medium was checked, and set to its original value with 0.1 N NaOH or 0.1 N HCl, if necessary. Concentrations of nitrite plus nitrate in the subsamples were measured on a continuous flow analyser (Skalar 40, Skalar Analytical BV, Breda, the Netherlands). PAA were calculated from the changes in nitrite plus nitrate concentrations in time, using linear regressions. The slope of the regression lines was used as a measure for the PAA. The average R 2 of the used linear regressions of the PAA at the end of the experiment was 0.99 for matgrass sward soils (s.d. 0.01), and 0.99 for calcareous grassland soils (s.d. 0.01).
Plant growth
To analyse systematic differences in plant growth between the two soil types, above-and belowground biomass of all plants was harvested after 4 months of growth, dried at 70°C and weighted.
Statistics
The measurements of the chemical characteristics of the soil and the PAA at the beginning of the experiment were analysed with a non-parametric Mann-Whitney U Test. The PAA at the end of the experiment was tested with a two-way ANOVA. As there was a clear interaction effect (soil * species), both soil types were further analysed with a one-way ANOVA, including a Tukey-b post-hoc test on the group level and on the species level, as both datasets were normally distributed and homogeneity of variance (Levene's Test) could be assumed. Nitrate and ammonium concentrations in the pore water samples of the experimental pots (rhizon samples) were analysed by repeated measurements analyses. For both parameters, the sphericity could not be assumed (Mauchly's Test of Sphericity). Therefore, the Greenhouse Geisser epsilon was used. Biomass production of the separate species between both soil types were tested with a non-parametric Mann-Whitney U Test, and the correlation of the biomass of the plants and the found PAA was tested with a non-parametric (Spearmans rho) correlation. All statistical analyses were carried out in PASW statistics 17.0.
Results
Chemical characteristics of the soil
At the start of the experiment, the pH values (in demineralised water) of the two soil types were significantly different: on average 5.4 in matgrass sward soil, and 8.0 in calcareous grassland soil (Table 1) . Furthermore, nitrate concentrations were significantly higher and ammonium concentrations and the ammonium:nitrate ratio were significantly lower in the pots with calcareous grassland soil, compared to those with matgrass sward soil ( Table 1) .
The nitrate and ammonium concentrations in the pore water samples of the experimental pots (rhizon samples) were analysed in both soil types with repeated measurements analysis (GLM, Table 2 ). Three plant groups were distinguished: matgrass sward species, calcareous grassland species and no plant species (controls). Ammonium concentrations only turned out to be significantly different between soil types. Matgrass sward soil contained more ammonium than calcareous grassland soil (P=0.006, Table 2 ), but there was no effect of time and measured ammonium concentrations were present during the whole experiment with at least 0.1 mg.kg −1 dry soil ammonium-nitrogen in the pore water. Therefore, ammonium was never limiting the nitrifiers in the soils during the growth experiment. On average, 2 mg.kg −1 dry soil ammonium-nitrogen was available during the experiment in matgrass sward soil, whereas calcareous soil only contained 0.3 mg.kg
dry soil of available ammonium-nitrogen (Table 2) . Nitrate concentrations only showed significant differences for the interaction time * soil (Table 2 ) and on average 216 mg.kg −1 and 186 mg.kg −1 dry soil nitratenitrogen was present during the experiment in the matgrass sward and calcareous grassland soil, respectively. Nitrate-nitrogen in the controls was increasing during the experiment in matgrass sward soil, indicating nitrification activity and confirming the higher PAA measured in the controls at the end of the experiment (data not shown). Nitrate concentrations in the pore water samples were on average over 500 times higher than the corresponding concentrations in the rainwater samples, whereas ammonium concentrations were more than three times higher (data not shown).
Potential ammonia-oxidising activities (PAAs)
The and species level, but also a strong interaction effect for soil * species, and therefore further analysis of the data was carried out for both soil types separately with a one-way ANOVA.
For the matgrass sward soil, analysis of the three plant groups (matgrass sward species, calcareous grassland species and no species) did not show significant differences (P=0.068) with slightly higher PAA in the pots without plant species. Analysis for the different species did also not show significant differences between the nine groups (four matgrass sward species, four calcareous grassland species and the control, P=0.052). However, the PAA in calcareous soil data did show significant differences between the (Fig. 1) .
Plant growth
In general, average above-ground, below-ground and total plant biomass were all significantly higher on calcareous soils. The matgrass sward species H. umbellatum showed a significantly higher (p<0.05) above-and below-ground and total biomass in pots with calcareous soil compared to the matgrass sward soil. The calcareous grassland species T. pulegioides and S. minor showed a significantly higher (p<0.05) above-ground biomass in the pots with calcareous soil compared to the matgrass sward soil (Table 3 ) and the calcareous grassland species L. hispidus and T. pulegioides showed a significantly higher belowground in pots with calcareous grassland soil. T. pulegioides also showed a significantly higher total biomass in pots with calcareous grassland soil. The other species did not show any significant differences in dry weights for both soil types. Above-ground and total plant biomass were significantly positive correlated (Spearman's rho correlation) to PAA for all data together (Table 4 ). The biomass of the calcareous grassland species did not show a significant correlation with PAA when grown on matgrass sward or calcareous grassland soils separately, but the correlation between the biomass of these plant species and PAA was significantly positive when both soil types were taken together (Table 4 , Fig. 2,  continuous lines) . The biomass of the matgrass sward plants did only show a negative trend, but no significant correlation with PAA, except for the below-ground and total biomass of the plants grown on matgrass sward soil (Table 4 , Fig. 2, dotted lines) .
The whole set of plants grown on calcareous grassland soil also was significantly positively correlated to above-ground and total plant biomass (Table 4) , whereas no significant correlation was observed for the whole set of plants grown on the matgrass sward soil (Table 4 ) although a negative trend was visible (Fig. 2, dotted lines) .
Discussion
The difference between plants from the matgrass swards and those from the calcareous grasslands with respect to potential ammonium oxidation activities was only observed on calcareous soil (Fig. 1) . On soil from the matgrass sward itself, no differences in PAA between plant species from both vegetation types were observed. This latter might be related to the significantly lower nitrification potential observed in the matgrass soil at the start of the growth experiment compared to the calcareous soil ( Fig. 1 Potential Ammonia-oxidising Activity (PAA, in mg l −1 .h −1 ) at the end of the 4-month growth experiment in both soils for all species and controls without plants present. The letter codes indicate significant differences (at the P<0.05-level, ANOVA), and the horizontal lines represent the average value for the controls (soil without plant species) inhibitory effect of Biological Nitrification Inhibition (BNI) can also vary with soil type (Gopalakrishnan et al. (2009) .
In the absence of plants, the PAA in the calcareous soil decreased on average by 19%, whereas the PAA in the controls of the matgrass sward soil increased by 93% on average, but was still well below the PAA measured in the calcareous soil. Although PAA had increased in the absence of plants during the growth period of 4 months in matgrass sward soil, the significantly lower pH probably prevented a fast increase in PAA, which may have masked a possible effect of the plants on the development of the PAA. The time period of 4 months may not have been long enough to overcome the originally low population size of the ammoniaoxidizing betaproteobacteria, although the PAA in matgrass sward soil was increasing during the experiment. An experimental period longer than 4 months might have shown the same differences between both plant groups in the matgrass sward soil as observed now for the calcareous soil. The restricted experimental period might also have been responsible for the Table 3 The above-ground, below-ground and total biomass (g) of the plants grown on calcareous grassland and on matgrass sward soils as determined at the end of the experiment observed absence of the effects of plants on the ammonium and nitrate concentrations in the soils, as both soils contained sufficient nitrogen to sustain plant growth. Nitrate and ammonium availability was checked at regular intervals through pore-water sampling, and no effect of time was found. Sufficient ammonium remained present in the soil during the whole experiment for the ammonia-oxidising community (AOB) ( Table 2) . Hence, the observed repressed potential activity of the AOB in the presence of plants from the matgrass swards was apparently not due to a lack of ammonium during the growth experiment. We cannot exclude that the significantly lower pH contributed to the low PAA found in the matgrass sward soil, although earlier field observations showed significant higher PAA at even lower soil pH values (<5.1, Smits et al. 2010) . Except for H. umbellatum, all species that grew better on calcareous grassland soil are typical for calcareous grassland. In the field H. umbellatum is characteristic for matgrass sward vegetation (SynBioSys, Schaminée et al. 2007 ). Moreover, biomass production of calcareous plant species was positively correlated to PAA. It is known that nitrate is the main nitrogen form in calcareous grasslands, and calcareous plant species prefer nitrate over ammonium for uptake (Gigon and Rorison 1972) and this is in line with the observed positive correlations. For matgrass plant species no overall correlation between the produced biomass and PAA was found, although on matgrass soil itself, there was a clear negative trend, with significant correlation for below-ground and total biomass. This is in agreement with our hypothesis that matgrass sward species negatively influence nitrification activity, leading to higher soil ammonium concentration and therefore more difficult growth conditions for the plant species themselves. These conclusions seem to be in contrast with the model analysis of Boudsocq et al. (2009) who found that primary production was enhanced by nitrification inhibition in their model for wet tropical savanna. Moreover, in their model analysis, the increase in plant production depends on the relative efficiency of the different recycling pathways of nutrients: nitrification inhibition is more likely to increase primary production if plants prefer ammonium to nitrate (Boudsocq et al. 2009 ). However, under the current, relatively nutrient-rich circumstances in our grassland gradient, negative effects of the raised amount of ammonium could have caused decreased opportunities for plant growth.
From correlation analyses of data derived from field samples, Stienstra et al. (1994) concluded that nitrification activities determined in grassland soils from a brook valley with different fertilization histories were not related to plant species composition, but only to ammonium availability. The species used in that study are rather common species, and not sufficiently characteristic to be differentiating between different fertilization histories in brook valley grasslands. In our experiment, on the other hand, characteristic plant species for climax grassland vegetation (i.e. matgrass swards and calcareous grassland) were used and the results lead to another conclusion than drawn by Stienstra et al. (1994) . In the current experiment plant species composition does affect potential nitrification activity. Furthermore, the results from our experiment substantiate the results found by Groffman et al. (1996) who showed that plant species can create differences in microbial activity in soil. The soils for this experiment were collected in autumn, when nutrient up-take by plants ceases and soil microbial processes rates, e.g. nitrification and mineralization are still high as temperatures have not yet decreased sharply. Mineralization of recently senesced leaf material and active nitrification could explain the observed high standard deviations in nitrate and ammonium concentrations observed in autumn soil samples as compared with analysis on other sampling dates. Potential nitrite-oxidizing activities measured in a non-fertilized, semi-natural grassland, also showed increased nitrification activities at the end of the growing season (Both et al. 1992) . A pattern with higher variation in autumn ammonium concentrations was also observed by Zhang et al. (2008) in grasslands in Inner Mongolia, China. Hence, the autumn setting may explain the relatively high variation in nitrate and ammonium concentrations.
The results of the current study confirm studies from Lata et al. (1999 Lata et al. ( , 2000 Lata et al. ( , 2004 on natural and semi-natural vegetation, and enlarge the view that not only crop plant species can exude BNI (Subbarao et al. 2007a, b; Zakir et al. 2008) . As was shown by Subbarao et al. (2006 Subbarao et al. ( , 2007c Subbarao et al. ( , 2009a exudates from the roots of the grass species Brachiaria humidicola and Leymus racemosus were able to influence the activity of nitrifying bacteria. For B. humidicola, it was shown by Subbarao et al. (2007b) that ammonium stimulates the synthesis and release of inhibition compounds. In agricultural systems, genetic interventions are currently explored to stimulate efficient use of N by introducing/improving the BNI capacity in the Triticeae (Subbarao et al. 2009b ). Zakir et al. (2008) found an increasing effect of ammonium and plant age on the release of nitrification-inhibiting compounds from the roots of Sorgum bicolor. Lata et al. (1999) discovered a strong correlation between the variation in potential nitrification rate and the characteristics of nitrogen nutrition of grasses in savannas. Mature grassland systems have the ability to inhibit nitrification or have a balanced inhibition-stimulation impact (Lata et al. 2000) . Furthermore, Lata et al. (2004) demonstrated that nitrification can be suppressed or stimulated depending on the ecotype of Hypparhenia diplandra. Inhibition of nitrification can play a role in the functioning of these nutrient-poor grassland systems to control N losses (Lata et al. 2004; Fillery 2007; Phillipot et al. 2009 ).
In their discussion, Zakir et al. (2008) stated that the ecological significance of repressed nitrification is unknown. We hypothesize however, that repression of nitrification activities could be an adaptation of the nutrient-poor matgrass swards to conserve inorganic N and use it more efficiently by maintaining it in the less-soluble form of ammonium, thus preventing it from leaching in the form of nitrate (Vitousek et al. 2002; Lata et al. 2004; Herrmann et al. 2005) . The findings of the current study fit well into the conceptual model of plant-microbe interactions concerning feedback dynamics (Bever et al. 1997; Reynolds and Haubensak 2008) , as the plants turned out to influence the activity of the soil community. The observed inhibition of nitrification can be interpreted as a negative feedback on plant community diversity, under the current raised nitrogen levels due to atmospheric N deposition (Lee and Caporn 1998) .
